Cardiogenesis proceeds with concomitant changes in hemodynamics to accommodate the circulatory demands of developing organs and tissues. In adults, circulatory adaptation is critical for the homeostatic regulation of blood circulation. In these hemodynamics-dependent processes of morphogenesis and adaptation, a mechanotransduction pathway, which converts mechanical stimuli into biological outputs, plays an essential role, although its molecular nature is largely unknown. Here, we report that expression of zebrafish miR-143 is dependent on heartbeat. Knocking-down miR-143 results in de-repression of retinoic acid signaling, and produces abnormalities in the outflow tracts and ventricles. Our data uncover a novel epigenetic link between heartbeat and cardiac development, with miR-143 as an essential component of the mechanotransduction cascade.
Introduction
The heart is a highly dynamic organ capable of adapting to hemodynamic changes. During embryonic development, the heart undergoes a dynamic morphogenesis, with concomitant changes in blood flow and contraction patterns of heart tubes (Srivastava and Olson, 2000; Stainier, 2001 ). In the zebrafish heart, occlusion of blood flow results in abnormalities affecting the looping and formation of chambers and valves (Auman et al., 2007; Bartman et al., 2004; Hove et al., 2003) , which are phenotypes frequently observed in congenital heart diseases in humans (Combs and Yutzey, 2009; Pasquali et al., 2002) . In response to flow-induced shear stress, vascular endothelial cells change their shapes by remodeling their cytoskeletons and altering their gene expression profiles to adapt to physical changes of circulatory conditions (Illi Resnick and Gimbrone, 1995; Tzima, 2006) . These lines of evidence indicate that the heart senses hemodynamic stimuli and responds to them to achieve correct cardiogenesis. This is also evidenced by the fact that the heart will not form normally in the absence of heartbeat and blood flow (Nishii et al., 2008; North et al., 2009; Sehnert et al., 2002) . In adulthood, hemodynamics is one of the key factors that maintains circulatory homeostasis and adapts the heart to changes induced by exercise, hypertension, neuroendocrine control, and diseases (de Bold et al., 1996; Ruwhof and van der Laarse, 2000) . The complexity of this adaptation system suggests unknown regulatory mechanisms that affect the expression of genes at the transcriptional and post-transcriptional levels. An important feature of this adaptation system is the ability of cells to sense physical forces (mechanical stresses) and convert them into biochemical and genetic responses. This signal conversion system, called mechanotransduction, emerges as an essential epigenetic regulatory program both in embryonic stages and adulthood (Kruger and Linke, 2009; Sawada et al., 2006) . MicroRNAs (miRNAs) are small non-coding RNAs that control gene expression in a sequence-specific way. Primary transcripts of miRNAs are processed by Drosha and Dicer to produce mature double-stranded miRNAs (Chen and Rajewsky, 2007) . A single strand of miRNA is incorporated into the RNA-induced silencing complex, where it interacts with its target mRNA. Expression of the target mRNA is negatively regulated by this interaction through degradation or translational inhibition, bypassing transcriptional control of mRNA expression (Jackson and Standart, 2007) . We hypothesized that this negative regulation might be active in embryonic development, during which active cardiogenesis proceeds in conjunction with fluctuating changes in hemodynamics.
Here we demonstrate that heartbeat regulates expression of zebrafish miR-143 in the outflow tracts and ventricles of developing hearts. When the heartbeat was arrested, expression of miR-143 disappeared, while re-initiation of the heartbeat restored it. In addition, we have found that miR-143 negatively controls mRNA expression of retinaldehyde dehydrogenase 2 (raldh2/aldh1a2) and retinoid x receptor alpha b (rxrab), two genes that are important for the correct regionalization of the heart tubes. Hence, miR-143 and retinoic acid (RA) signaling are targets of heartbeat-dependent physical control, highlighting heartbeat as an essential epigenetic factor during cardiogenesis.
Results

Expression of zebrafish miR-143 and its heartbeat dependency
Expression of miR-143 commences at 24 h post-fertilization (hpf) in the forebrain, midbrain, and posterior somites. The expression in the brain (blue arrowhead in Fig. 1A ) and somites (blue bracket in Fig. 1A ) is maintained at 36 hpf. At this stage, faint signals were observed in the developing heart (red arrowhead in Fig. 1A) . In a magnified view, ventricular expression was evident (red arrowhead in Fig. 1B ), yet no signal was detected in the atrium. In cryosections, miR-143 was detected both in the endocardium and the myocardium ( Fig. 1C and D) . Again, atrial compartments showed no detectable signal. At 80 hpf, miR-143 expression became robust in the outflow tract (OFT) (Fig. 1E) (Wienholds et al., 2005) . miR-143 expression was still not observed in the atrium, in contrast to the weak, but distinct expression in the ventricle (Fig. 1E) . Overall, miR-143 is expressed in a graded fashion, with the highest signal in the OFT and no expression in the atrium (Fig. 1G) . Expression in the OFT was maintained at 5 days post-fertilization (dpf), as shown in Fig. 1F .
The zebrafish heart initiates contractions around 18 hpf, yet these contractions are not synchronized. Rather, each cardiomyocyte beats in a random manner. After formation of a heart tube, contraction becomes synchronized to commence blood circulation around 22 hpf. The strength of the heartbeat increases enough to support the pulsatile blood flow at 24 hpf. The gradual reinforcement of miR-143 expression ( Fig. 2A-C ) and the timing of rhythmic circulation suggest that transcriptional control of miR-143 might be influenced by blood flow and/or heartbeat.
To confirm this possibility, we stopped the heartbeat with 2,3-butanedione monoxime (BDM) or with an injection of a morpholio antisense oligonucleotide (MO) against cardiac troponin T2 (tnnt2) (Bartman et al., 2004; Sehnert et al., 2002) . When the heartbeat was stopped by BDM from 36 to 94 hpf, faint expression of miR-143 was detected only in the OFT at 96 hpf; ventricular expression was lost (Fig. 2D) . After washing out the BDM, the heartbeat restarted after approximately 5 min, and cardiac edema disappeared within 20 min, with a concomitant re-circulation of the pulsatile blood flow (data not shown). Since both the OFT and ventricular expression were not detected when the heartbeat was stopped from 36 to 96 hpf (Fig. 2G ), 2 h of heartbeat was enough to activate miR-143 expression in the OFT, but was unable to activate ventricular expression. When the heartbeat was stopped from 36 to 72 hpf, both the OFT and ventricular expression was observed at 96 hpf, indicating that 24 h of heartbeat is enough to recover the ventricular expression of miR-143 (Fig. 2E ). Heartbeat for 48 h was sufficient to restore the expression in the OFT and the ventricle (Fig. 2F) .
When BDM was added from 60 to 72 hpf, the heartbeat was interrupted for 12 h (Fig. 2H) . In this case, faint expression of miR-143 was detected in the OFT at 72 hpf, which is likely a remnant of its initial expression induced by contraction before 60 hpf. Contrary to this, a 36 h interruption of heartbeat cancelled miR-143 expression completely (Fig. 2I) . When heartbeat was arrested by injection of MO against tnnt2 or continuous BDM treatment, miR-143 expression was not observed at either 72 or 96 hpf ( Fig. 2J and K) . These expression data were corroborated by a quantitative RT-PCR analysis of miR-143 mRNA levels (Fig. S1) , and the temporal correlation between heartbeat and miR-143 expression is summarized in Fig. 2L .
Taken together, our data from experiments where we stopped the heartbeat for different periods of time and examined miR-143 expression, indicate that miR-143 expression is dependent on heartbeat. Expression levels varied in different regions, with a high sensitivity in the OFT, low sensitivity in the ventricle, and no responsiveness in the atrium. In addition, our data indicate that a 2 h duration of heartbeat is enough to restore miR-143 expression in the OFT. Expression of miR-143 in other tissues, such as the brain, chondrocytes and branchial arches (Fig. 1A) was not affected by treatment with BDM or the tnnt2 MO.
Mechanical induction of miR-143 was investigated further in vitro. Human Umbilical Vein Endothelial Cells (HUVECs) were exposed to 2.0 Pa of shear stress, and then their RNA was isolated for a quantitative RT-PCR analysis. After 1 h exposure to the shear stress, induction of the endogenous miR-143 expression was observed, although this activation gradually decreased (Fig. 2M) , indicating that miR-143 can be induced mechanically and transiently even in the cultured human endothelial cells. In addition to the shear stress, mechanical stretch of C2C12 and rat embryonic cardiomyoblast H9C2 (Kimes and Brandt, 1976 ) cells also induced miR-143 (Figs. S2 and S3).
Cardiac phenotypes of miR-143 morphants
We next examined how removing miR-143 would affect heart development. We prepared two different miR-143-specific MOs, and confirmed that these gave the same phenotype. A control MO did not affect morphogenesis. In the miR-143 morphants, hypoplasia of the brain was observed at 24 hpf (blue ) of shear stress was applied. miR-143 was induced rapidly within 1 h. This induction was transient and returned to a basal level within 4 h. arrowhead in Fig. 3C ). At this time point, the heart developed normally, and no edema was observed (Fig. 3C) . However, at 48 hpf, an edematous inflation was formed in the pericardiac and yolk sacs (blue and red arrowheads in Fig. 3D , respectively). Red blood cells accumulated in the swollen yolk sac, yet the heart was anemic, which is an indication of stagnated blood circulation (Fig. 3D) . At a higher magnification, the atrium was swollen, and the ventricle showed a tube-like structure without an inflation of its internal space (Fig. 3D 0 ). This inflated atrium contracted regularly, but the ventricle did not beat, instead it moved passively by the contraction of the atrium. Red blood cells entered the inflated atrium, and a few of them entered the ventricle, but were regurgitated back into the atrium, without moving further into the OFT (Movie S1).
To examine the endocardial cells at 48 hpf, we used a transgenic zebrafish line, Tg(fli1-EGFP), that expresses EGFP (Enhanced Green Fluorescent Protein) in the endocardium (Lawson and Weinstein, 2002) . In the wild-type (WT) heart, the endocardial cells distribute equally throughout the ventricle and the atrium, with the highest cell density in the atrio-ventricular (AV) junction (Fig. 3E, E 0 and E 00 ). These cells move in an ordered and synchronized manner while beating (Movie S2). In contrast, the endocardial cells of the miR-143 A) was enlarged, and the ventricle (indicated by the letter V) failed to expand in the morphants, in contrast to the two chambered WT heart (B 0 ). (E) In the normal heart, the endocardial lining was visualized by EGFP, which was driven by the endocardial cell-specific fli1 promoter. In the morphants, only the atrial part was enlarged, leaving the ventricular domain tubular (F). In such heart, the lining of endocardial cells was irregular and interrupted, showing a string-like arrangement (blue arrowheads). (E 0 and F 0 ) Cardiomyocytes were visualized by RFP, which was driven by the cardiomyocyte-specific cmlc promoter.
morphants cover the inside of the heart in a discontinuous way ( Fig. 3F and F 00 ). Only a narrow opening at the AV canal was formed, preventing the ventricle and the OFT from inflating. In the ventricle, the cells line the inside of the heart, but the lining is not inflated. The atrial endocardial cells move regularly with the heartbeat, but the cells in the AV canal and the ventricle are stretched by atrial contraction, and do not show a correct contractile motion (Movie S3). Looping of the morphant heart was also severely affected (Fig. 3F  0 ) , most likely due to the severe deformation of the ventricle and the OFT. These observations indicate that both the ventricular myocardium and the endocardium are affected in the miR-143 morphants, while the atria are relatively unaffected.
raldh2 and rxrab are the direct targets of miR-143
Using three different databases (miRbase, RNAi web and BiBiServ), we searched for miR-143 targets, and picked out 39 potential targets, which possess binding sites for miR-143 within their 3 0 untranslated regions (UTRs). Based on a psiCHECKbased dual luciferase assay, we identified two targets: raldh2 (aldh1a2), which encodes retinaldehyde dehydrogenase type 2, an enzyme involved in retinoic acid (RA) biosynthesis (Begemann et al., 2004) , and rxrab, which encodes the retinoid X receptor alpha b, one of the nuclear receptors involved in RA signaling (Tallafuss et al., 2006) . The 3 0 UTR sequences of both raldh2 and rxrab contain 9-and 7-mer sites, respectively, that are complementary to 5' nucleotides of miR-143 (Fig. 4A) . When assayed in Cos7 cells, miR-143 repressed the luciferase activities of reporters containing these UTR sequences (Fig. 4B) . UTR sequences derived from chick ovalbumin upstream promoter transcription factor 2 (couptf2/nrf2f6) (Tsai and Tsai, 1997) and retinaldehyde dehydrogenase type 3 (raldh3) (Liang et al., 2008) , both of which are involved in RA signaling and contain matched sequences, did not affect luciferase activity in the assay. Also, unrelated miRNAs (miR-21 and miR-430) did not repress raldh2 or rxrab. These data indicate that miR-143 negatively regulates RA signaling at the levels of both ligand biosynthesis and receptor signaling.
To test if miR-143 also affects rxrab and raldh2 expression in the zebrafish heart, we examined expression of these targets in miR-143 morphants (Fig. 4C-D 0 ). In WT embryos, rxrab is In the WT heart, rxrab (C) and raldh2 (D) were expressed in the atrial endocardium, not in the ventricular endocardium (blue arrowheads). In the morphants, both rxrab (C 0 ) and raldh2 (D 0 ) were ectopically induced in the ventricular endocardium (red arrowheads). When the beating of the WT hearts was stopped by BDM from 20 to 48 hpf, both rxrab (E) and raldh2 (E 0 ) were induced in the ventricular compartment (red arrowheads), like the morphants. (F-K 0 ) Raldh2 protein was detected by an antibody against it. In the WT, cytoplasmic staining was observed only in the atrial endocardial cells (F and G). Areas indicated by dotted lines were magnified in (H and H 0 ). Raldh2 protein localizes in the cytoplasm of the atrial endocardium (H), not in the ventricular endocardium (H 0 ). In the morphants, raldh2 was detected in both the atrial and ventricular endocardium (I and J). In magnified views, weak but distinct staining of raldh2 was observed even in the ventricular compartment (K 0 ).
expressed in the atrial endocardium, but not in the ventricular endocardium (Fig. 4C) . In miR-143 morphant embryos, ectopic expression of rxrab was observed in the ventricular area (Fig. 4C  0 ) . raldh2 is also normally expressed in the atrial area ( Fig. 4D) , but in the morphants, this gene was further up-regulated into the ventricular domain (Fig. 4D  0 ) .
Since expression of miR-143 is dependent on heartbeat, we examined whether BDM treatment affects the expression of the targets of miR-143. When the heartbeat was stopped from 20 to 48 hpf, both raldh2 and rxrab were ectopically induced in the ventricular endocardium when assayed at 48 hpf ( Fig. 4E  and E 0 , respectively), confirming that RA signaling is under heartbeat control. Compatible with the repressive effect of miR-143 on rxrab, cardiac phenotypes induced by the application of excess RA were rescued partially by injection of a synthesized miR-143 duplex (Fig. S4) . The effect of the miR-143 MO on gene expression was further confirmed by quantitative RT-PCR analysis of RNAs isolated from whole morphant embryos. Expression of raldh2 and rxrab were enhanced by injection of the miR-143 MO by approximately 40% and 50%, respectively (Fig. S5) .
We next used an anti-raldh2 antibody to examine the protein distribution of raldh2 in WT and morphant embryos (Morton et al., 2008; Zhang et al., 2003) . Immunohistochemical analysis of WT embryos using this antibody revealed signals in the cytoplasm of the atrial endocardial cells (Fig. 4F  and H ), but not in ventricular cells (Fig. 4F and H 0 ). Contrary to this, in the morphants, positive staining was detected in the ventricular endocardium ( Fig. 4I and red arrowheads in K 0 ), although the signals were not as strong as those seen in the atrial endocardium ( Fig. 4H and K) .
Myocardial defects observed in miR-143 morphants
In addition to the endocardial defects, we also observed abnormalities in the myocardium. In WT embryos, phalloidin-staining of the ventricle reveals thick and linear actin bundles at 48 hpf ( Fig. 5A and B) . Some of these bundles (arrowheads in Fig. 5B , B 0 and B 00 ) were formed across cell boundaries that were demarcated by Pan-cadherin staining ( Fig. 5B  00 and B 000 ). As shown by this staining, cardiomyocytes appeared oval-shaped, with their long axis perpendicular to the atrio-ventricular axis. In the miR-143 morphants, the actin bundles were thin and present only on the cell boundaries, leaving the cell centers devoid of actin (Fig. 5C-D  000 ). Pan-cadherin staining revealed that the cell boundaries were not smooth, but rather formed bead-like aggregations of cadherin (Fig. 5D  00 ) . The randomly oriented mesh-like cytoskeletal structures normally seen in the atria were unaltered in the morphants ( Fig. 5E and G) . In the WT embryos, the atrial myosin heavy-chain (amhc) gene was expressed in the atrium (Fig. 5F ). Contrary to this, amhc was ectopically expressed in the ventricle of miR-143 morphants (Fig. 5H) , indicating that the ventricle was partially transformed into an atrial-like chamber in the morphants. We were unable to detect changes in expression of valve-specific markers, such as bone morphogenetic protein 4 (bmp4) (myocardium) and hyaluronan synthase 2 (has2) (endocardium) (Fig. S6) .
The shape of the heart and how it contracts are determined by the forces generated by beating cardiomyocytes, hemodynamics, and the stiffness of the cardiac tissues. Since the cyto-architectures of the atrium and ventricle are different, tissue stiffness might differ in these tissues. As expected, the atria were found to be softer than the ventricles, when these tissues were stretched to measure stretching force and resultant deformation concomitantly (Movies S4, S5, and S6). Consistent with the atrial-like phenotype of the ventricle and its structural changes (Fig. 5A-H) , the ventricles isolated from the miR-143 morphants showed a similar stiffness to the wild type atria (Fig. 5I) . The atria were also affected in the morphants, but to a lesser extent (Fig. 5I) .
Discussion
The differentiation of beating cardiomyocytes is regulated by genetic programming, in which key transcription factors cooperate with chromatin remodeling factors and growth factors to direct progenitor cells (Srivastava and Olson, 2000; Takeuchi and Bruneau, 2009 ). However, once cardiomyocytes initiate the heartbeat, the resultant contractions generate physical forces, which in turn mechanically stimulate cells with stretch and shear stresses. Such hemodynamic parameters have been shown to be essential for the correct formation of pumping hearts, since artificial perturbation of blood circulation results in heart defects (Auman et al., 2007; Bartman et al., 2004; Sehnert et al., 2002) . This implies that congenital heart diseases could develop even in a normal genetic background, when embryos encounter hemodynamic alterations at critical phases of cardiogenesis. Without understanding how mechanical stimuli are converted into biological responses in the developing heart, it is impossible to understand the mechanisms of both congenital and acquired heart diseases, as well as how to prevent them and develop novel therapeutic methods to combat these diseases. Our data indicate that heartbeat regulates expression of miR-143 to set up a gradient of RA signaling in developing hearts (Fig. 6 ). This gradient is higher in the atrium and lower in the OFT. Our hemodynamic analyses showed that blood flow and contraction at the ventricle and the OFT are strong enough to induce changes in the shapes of the cells that compose these structures with the repetition of rapid movements at high frequency (120 beats/min), suggesting that both the shear and stretch stresses might be involved in the regulation of miR-143 expression. Consistent with this, our in vitro data provide additional evidence for the mechanical regulation of this miRNA (Fig. 2M, S2 and S3) .
Although physical forces play key roles during cardiogenesis, physical properties of tissues and cells per se are critical, since soft tissues deform easily even by a weak stretching force, whereas stiff tissues can be more resistant to deformative forces. Hence, tissue stiffness must be measured quantitatively. Without knowing this parameter, it would be impossible to anticipate the biological responses of cells to physical forces. In this sense, our microtensile tester system would be of great importance to measure the uniaxial tensile properties (stiffness) of cells and tissues.miR-143 is expressed in the myocardium and endocardium in a heartbeat-dependent manner.
Although we could not identify ventricular targets of miR-143, endocardial expression of miR-143 might be involved in the formation of the ventricle indirectly. For instance, RA that is synthesized by raldh2 and diffused out from the endocardium could have a non-cell autonomous effect to the myocardium. Recently, it has been shown that miR-143 regulates adducin3 (add3), which encodes an F-actin capping protein (Deacon et al., 2010) . This pathway also contributes to the correct formation of the ventricular architectures, suggesting that multiple cascades regulate chamber formation of the heart through the heartbeat-dependent expression of miR-143.
RA has been shown to play multiple roles during cardiogenesis. In zebrafish, RA limits the cardiac progenitor pool (Keegan et al., 2005) . In chick, quail, and mouse, RA transmits signals to set up anterior-posterior information in the heart field (Dersch and Zile, 1993; Heine et al., 1985; Hochgreb et al., 2003; Niederreither et al., 2001) . In mice lacking RA synthesis, posterior chambers, such as the atria and the sinus venous, are severely impaired (Niederreither et al., 2001) , which corroborates our observations. Our data highlight heartbeat as an essential physical factor controlling cardiogenesis. The roles played by heartbeat have been explored using a zebrafish mutant, silent heart (sihÀ/À), which lacks a heartbeat due to a mutation in tnnt2 (Sehnert et al., 2002) . In this mutant, the endocardial cushion does not form (Auman et al., 2007) . Expression of zebrafish iroquois transcription factor irx1b, which is normally expressed in a restricted subpopulation of ventricular cardiomyocytes, is altered (Joseph, 2004) . In addition to sihÀ/À mutants, other mutants in which blood circulation and cardiac contractility are affected show abnormal changes in cell shapes (Auman et al., 2007) . Similar observations were obtained in mice in phalloidin staining showed a similar mesh-like structure. (F) In the WT embryos, the amhc gene is expressed exclusively in the atrial myocardium. (H) In the miR-143 morphants, amhc is ectopically expressed in the atrium (red arrowheads). (I) Tissue stiffness of the ventricles and the atrium was measured separately by a microtensile tester. The ventricle of the WT heart was stiffer than the WT atrium (gray bars). In contrast, stiffness of the morphant ventricles decreased to the level of the WT atrium, and the morphant atrium was also affected, yet in a lesser extent (light gray bars).
which cardiac troponin T2 (cTnT) was knocked out (Nishii et al., 2008) . Force-dependent phenomena have been reported in other organs and tissues, such as blood vessels, hematopoietic cells, and bones, indicating that such phenomena are general both in embryos and adults (Rodan et al., 1975; Ruwhof and van der Laarse, 2000) . Nonetheless, the mechanotransduction pathways still remain largely unknown.
To uncover the nature of mechanotransduction signaling, we have collected sets of force-dependent factors. As reported previously, several mouse miRNAs are induced in hearts that are mechanically overloaded by thoracic aortic banding (TAB) (van Rooij et al., 2006) . This report and our data together suggest that functional analyses on the force-dependent regulation of miRNAs would reveal a novel pathway that links physical stimuli and gene expression. In addition to mechano-sensitive miRNAs, some factors shuttle into the nucleus in response to mechanical stretch, implying the existence of another force-sensitive regulatory pathway. Further extensive analyses on mechanotransduction pathways would uncover the functional roles of physical forces on the development and homeostasis of tissues and organs, which would open new avenues to the prevention of diseases and the discovery of novel therapeutic drugs.
4.
Materials and methods
Antibodies and reagents
To arrest heartbeat, zebrafish embryos were placed in water containing 10 mM BDM (2,3-butanedione monoxime: Sigma, B-0753) at proper stages. For exposure to RA, embryos were incubated with 0.2 lM all-trans-RA (Sigma, R2625) in 1% DMSO from 24 hpf until fixation. In all experiments, embryos treated with DMSO alone were used as a control. An antibody against pan-cadherin was purchased from Santa Cruz Biotechnology (Santa Cruz). An antibody against raldh2 was a kind gift of P.
McCaffery (Zhang et al., 2003) .
4.2. cDNA probes, in situ hybridization and real-time PCR
Zebrafish in situ hybridization probes, amhc, vmhc, rxrab, raldh2, raldh3, cmlc, has2, bmp4, and couptf2 were isolated from cDNA templates using standard PCR techniques with appropriate sets of primers. To detect expression of miR-143, DIG-labeled LNA probes were purchased from Integrated DNA technologies (IDT). Whole-mount in situ hybridizations were performed according to a protocol published by Exiqon (Miyasaka et al., 2007) . The transgenic zebrafish lines cmlc-RFP and fli1-EGFP were kindly provided by A. Kawahara (Fukui et al., 2009) . Total RNA was isolated from zebrafish embryos by Trizol (Invitrogen). Each sample was reverse-transcribed into cDNA by RT-PCR using ReverTra Ace reverse transcriptase (TOYOBO) and power SYBR Green mix (Applied Biosystems). Quantitative PCR analysis was normalized to the expression of elongation factor1 a (EF1a).
Immunohistochemistry
Zebrafish hearts were isolated at 48 hpf and fixed for 15 min in 4% paraformaldehyde. Fixation solution was replaced with PBDT (1% bovine serum albumin; 0.1% Triton X-100; 1% dimethylsulfoxide in phosphate buffered saline) for 1 h. Fixed hearts were incubated with a primary antibody for 1 h, and then incubated with a second antibody conjugated with Alexa Fluor 488 (Invitrogen, Carlsbad, CA) and Alexa Fluor 594-conjugated Phalloidin for F-actin staining. For nuclear staining, hearts were incubated with DAPI (Sigma) and observed under a confocal microscope (Olympus FV1000). For live imaging, embryos were anesthetised with 0.02% of Trichina and observed under the inverted fluorescence microscope (Olympus).
Morpholino oligonucleotides
MOs were designed and synthesized by Gene Tools (Philomath, OR). Sequences were as follows: The highest expression of miR-143 in the OFT and mild expression in the ventricular endocardium negatively regulate expression of raldh2 and rxrab, thereby making a gradient of RA signaling: higher RA signaling in the atrial endocardium, middle in the ventricular endocardium and lower in the OFT. RA synthesized by raldh2 in the atrial endocardium diffuses out to the myocardium to control its regionalization. miR-143 in the myocardium could contribute to the regionalization of heart chambers in a different cascade.
Injection was carried out as previously described (Fukui et al., 2009; Giraldez et al., 2006) .
psi-CHECK assay
The psi-CHECK2 vector was purchased from Promega. miRNA dual luciferase assay was carried out according to the manufacturer's instructions. Zebrafish rxrab, raldh2, raldh3, couptf2 and other predicted miR-143 targets were isolated from our cDNA libraries using PCR techniques with appropriate sets of primers, and then subcloned into the Renilla luciferase check reporter.
Mechanical manipulation
For in vitro mechanical stretch, C2C12 and H9C2 cells were seeded on elastic silicone dishes coated with 2% gelatin, and cultured for 24 h for adhesion. Silicone dishes were set in a cell stretcher (ST-140, STREX, Japan) and stretched (10% stretch at 0.5 Hz), according to the manufacturer's instruction. An in vitro flow system, which is composed of a damper, a flow chamber, a reservoir of culture medium and a roller pump, was used to apply steady shear stress to the HUVECs, as reported previously . HUVECs seeded in this flow chamber are exposed to shear stress of 2.0 Pa. After shear stimulation, RNA was isolated from the cells and subjected to a quantitative RT-PCR analysis. To measure tissue stiffness (Nagayama and Matsumoto, 2008) , hearts were isolated from zebrafish embryos, and attached by a urethane resin adhesive to fine glass rods, one of which was connected to an electric micromanipulator (MMS-77, Shimadzu, Japan), which can be moved to stretch the attached heart. Tissue stiffness was calculated by the rod's spring constant, bending deflection of the rod, and the deformation of the stretched heart.
